Composites formed by infiltration of 45 wt % La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM) into a 65% porous yttriastabilized zirconia (YSZ) scaffold were investigated in order to understand the reasons this material is able to provide excellent anode performance in solid oxide fuel cells (SOFCs). Scanning electron microscopy showed that the LSCM forms a film over the YSZ after calcination at 1473 K but that this film undergoes cracking to expose a long three-phase boundary after reduction at 1073 K. Coulometric titration demonstrated that the reduction of LSCM and La0.8Sr0.2MnO3 occurred over a similar range of P(O-2) and that reduction is the likely cause for film cracking. To achieve low anode impedances in humidified H-2 at 973 K, it was necessary to add a catalyst. The addition of 0.5-1 wt % Pd, Rh, or Ni was sufficient to increase the maximum power density of SOFCs with 60 mu m thick YSZ electrolytes to >500 mW/cm(2) in humidified H-2 at 973 K. The addition of either 1 wt % Fe or 5 wt % ceria also improved power densities but to a lesser extent. Finally, the use of Pt paste as the current collector increased performance to a similar extent as intentionally adding catalyst, showing the importance of using inert materials in electrode testing.
The conventional anode for solid oxide fuel cells based on yttriastabilized zirconia ͑YSZ͒ electrolytes is a composite of Ni and YSZ. 1 Although the performance of these ceramic-metallic ͑cermet͒ anodes in H 2 can be very good, Ni cermets are not redox stable, 2 have relatively poor sulfur tolerance, 3 and are not suitable for direct utilization of hydrocarbons in the absence of steam due to the tendency of Ni to catalyze the formation of carbon fibers. 4 A possible remedy for each of these problems involves the development of anodes based on conducting ceramics. [4] [5] [6] Until recently, the performance of ceramic anodes has been modest at lower temperatures ͑i.e., Ͻ1073 K͒; however, several recent studies have reported power densities on the order of 1 W/cm 2 at 1073 K using cells based on ceramic conductors. [7] [8] [9] If these electrodes are going to find application, it will be necessary to understand the key properties that make some perform so well.
In recent work from our laboratories, excellent performance was achieved in electrodes prepared by infiltration of Sr 0.2 La 0.8 Cr 0.5 Mn 0.5 O 3 ͑LSCM͒ into a porous YSZ scaffold. 9, 10 The anode impedance in humidified H 2 at 973 K for an electrode made by impregnating 45 wt % LSCM, 0.5 wt % Pd, and 5 wt % ceria into a 65% porous YSZ scaffold was Ͻ0.1 ⍀ cm 2 . This electrode also performed well in essentially dry methane; a similar electrode with the 5 wt % ceria replaced by 5 wt % Ce 0.48 Zr 0.48 Y 0.04 O 2 ͑CZY͒ exhibited very low impedances in CO-CO 2 mixtures. 10 However, although the infiltrated-LSCM electrodes worked well, there are some important questions to address to understand why they work so well.
First, inspection of the electrodes by scanning electron microscopy ͑SEM͒ indicated that the LSCM forms a dense coating over the YSZ scaffold after calcination at 1473 K, the temperature used in those studies. Because LSCM has poor ionic conductivity, a coated structure would not seem to provide the ideal three-phase boundary ͑TPB͒. Second, although the addition of the Pd/ceria ͑or Pd/CZY͒ catalyst was essential for reducing the electrode overpotential, it is unclear how the catalyst performs this role or what other materials might be used as replacements. For example, we made no attempt in our previous work to separate the roles of Pd and ceria. For the catalytic-reforming and water-gas-shift reactions, interactions be-tween Pd and ceria lead to large enhancements in activity compared to either Pd or ceria individually. [11] [12] [13] Because a similar enhancement in electrode performance was observed following addition of catalytic amounts of Pd/ceria to an electrode prepared by infiltration La 0.3 Sr 0.7 TiO 3 ͑LST͒, 14 it would appear that specific interactions between the catalyst and LSCM are not required for enhanced performance. Yet, Pd is known to react with some perovskites to form highly active oxidation catalysts, 15, 16 so that there is a question regarding whether other catalytically active transition metals could be used in place of the Pd. 17 The present work set out to address these issues. In regard to the LSCM microstructure, we will show that the LSCM is partially reduced under anode operating conditions and that this leads to the formation of cracks in the LSCM layer. This spontaneous formation of likely TPB sites appears to form an almost ideal structure for the electronic component of the electrode. In regard to catalytic requirements, it is found that ceria can provide oxidation activity but is not essential for achieving high electrode performance. Almost any metal with catalytic activity for oxidation reactions, including at least Pd, Rh, Ni, and Fe, can significantly promote electrode performance. Because the presence of catalytic metals can have such a profound influence on the electrode performance, Pt should not be used for current collection when testing ceramic anodes.
Experimental
Fuel cells were prepared using an approach similar to that discussed in previous publications. 9, 10 The initial step involved preparation of YSZ wafers that had two porous layers separated by a 60 m thick dense electrolyte layer. The three-layer wafers were produced by laminating three green ceramic tapes, synthesized by tape casting, with pore formers in the two outer tapes. The laminated tapes were fired to 1773 K to produce the final ceramic structures. The porous layer on one side of the electrolyte was 300 m thick ͑ϳ65% porous͒ and was used as the scaffold for the cathodes, whereas the other porous layer was 50 m thick YSZ ͑ϳ65% po-rous͒ and was used as the scaffold for the anodes. Porosity in the 300 m layer was obtained using a mixture of graphite and polystyrene pore formers ͑used to introduce larger pores͒, whereas the thinner porous layer used only graphite. 18 After synthesizing the porous-dense-porous YSZ wafer, either LSCM or LST was added to the 50 m porous layer at a loading of 45 wt %, using aqueous nitrate solutions, as described elsewhere. 9 It was necessary to infiltrate the YSZ scaffold between 10 and 20 times, with calcination to 750 K between infiltration steps, in order to achieve the necessary loading. Finally, the wafers with LSCM were calcined in air to 1473 K and the ones with LST to 1373 K to produce the perovskite structures. Next, the LSF-YSZ ͑La 0.8 Sr 0.2 FeO 3 ͒ cathodes were prepared by impregnating the 300 m thick layer with an aqueous solution containing La͑NO 3 ͒ 3 ·6H 2 O, Sr͑NO 3 ͒ 2 , and Fe͑NO 3 ͒ 3 ·9H 2 O, to a loading of 40 wt % LSF, followed by calcination to 1123 K. 19, 20 LSF-YSZ cathodes prepared in this way have been shown to exhibit an electrode impedance that is independent of current density and between 0.1 and 0.15 ⍀ cm 2 at 973 K in air. 19 Following the addition of LSF, catalytic materials were added to the anode layer in some of the cells by addition of aqueous solutions of the nitrate salts and then heating in air to 750 K. For fuel cell testing, a ceramic adhesive ͑Aremco, Ceramabond 552͒ was used to attach cells to an alumina tube. For most of the cells, electrical connections were achieved using Ag paste and Ag wire at both the anode and cathode. The fuel sent to the anode was humidified ͑3% H 2 O͒ H 2 , while the cathode was exposed to air. Impedance spectra were measured at open circuit, in the galvanostatic mode, using a frequency range of 0.1 Hz to 100 KHz and a 10 mV ac perturbation. The active area of the cells, equal to the anode area, was 0.35 cm 2 , but the area of the electrolyte and cathode were ϳ1 cm 2 . For most of the fuel cell studies, Ag paste ͑SPI supplies, lot no. 1120912͒ was used for current collection at both the anode and cathode. To determine the effect of the current-collector catalytic properties, one study used Pt ink ͑Engelhard, A3788A͒ as the anode current collector.
The redox properties of the 45 wt % LSCM-YSZ composites were measured using coulometric titration on a sample prepared in a manner similar to that used in preparing the fuel cells. The sample for these experiments was fabricated by infiltration of the aqueous nitrate salts into a porous YSZ slab, 2 ϫ 2 ϫ 10 mm, made from the same slurry used in the YSZ tapes. The coulometric-titration apparatus has been described previously. 21 Briefly, the apparatus is simply a sealed YSZ tube with Ag-paste electrodes on both sides. After placing the sample in the tube, the P͑O 2 ͒ was determined from the open-circuit potential. Oxygen could be added or removed from the tube by passing a current through the same electrodes used in measuring the potential. In this study, the oxidation isotherms were obtained following sample reduction in a flowing mixture of 90% N 2 and 10% H 2 for 1.5 h at 1023 K. The sample was then allowed to come to equilibrium using the criterion that the potential of the oxygen sensor change by Ͻ1 mV/h. The microstructure of the LSCM was inspected by SEM on a JEOL 5600 scanning electron microscope after oxidation in air and reduction in humidified ͑3% H 2 O͒ H 2 .
Results
In order to understand the role of structure, we used SEM to examine the structure of an LSCM-YSZ composite, before and after exposure, to conditions similar to that experienced by the anode under operating conditions. Figure 1a is the micrograph obtained on the composite immediately after calcination to 1473 K. As discussed in an earlier paper, 9 the LSCM forms what appears to be a dense coating over the YSZ pore structure. The fact that LSCM forms a uniform layer over YSZ suggests that there are interactions between LSCM and YSZ, similar to that observed with liquids that "wet" surfaces that have attractive interactions with the liquid. Evidence for such "wetting" phenomena have been observed for La 0.8 Sr 0.2 MnO 3 ͑LSM͒ particles on a YSZ͑100͒ crystal, where calcination at Ͼ1423 K caused particles to spread over the crystal surface. 22 When the LSCM-YSZ sample was heated to 1073 K in humidified H 2 ͑3% H 2 O͒ for 4 h, the SEM image changed to that shown in Fig. 1b . Even though X-ray diffraction ͑XRD͒ showed that the LSCM structure remained intact, the filmlike structure changed dramatically. After reduction, the LSCM film had broken into very small particles, on the order of 0.1 m in size. The LSCM layer was now highly porous, suggesting that gas molecules would have access to TPB sites at the YSZ interface. Indeed, the LSCM appeared to have an almost ideal electrode structure after reduction.
The change in LSCM film structure would suggest a change in LSCM stoichiometry. In order to characterize the redox properties of LSCM in this composite structure and determine oxygen stoichiometry under anode conditions, the equilibrium oxygen content of the 45 wt % LSCM-YSZ composite was measured as a function of P͑O 2 ͒ at 1023 K using coulometric titration. The data shown in Fig.  2 were obtained after flowing a 90% N 2 -10% H 2 mixture over the sample for 1.5 h. The P͑O 2 ͒ were then determined after adding increasing amounts of oxygen; the oxygen stoichiometry was assumed to be that of La 0.8 Sr 0.2 Cr 0.5 Mn 0.5 O 3 at atmospheric conditions. For comparison purposes, data for La 0.8 Sr 0.2 MnO 3 , reproduced from the literature, 23 are also included in Fig. 2 . The data show that the equilibrium properties for LSM and LSCM are very similar in that reduction at 1023 K is negligible for P͑O 2 ͒ greater than 10 −15 atm but becomes significant at lower P͑O 2 ͒. The big difference is that the oxygen stoichiometry decreases much more rapidly for LSM with decreasing P͑O 2 ͒. Indeed, it appears that Mn reduction occurs under similar conditions for LSM and LSCM, with the Cr in LSCM simply minimizing the extent of reduction and therefore stabilizing the structure to lower P͑O 2 ͒. Even so, given that a typical P͑O 2 ͒ under anode conditions at 1023 K might be 10 −24 atm, the oxygen stoichiometry for LSCM would be reduced from 3 to 2.86, in reasonable agreement with prior thermogravimetric studies on LSCM powders. 24 This large extent of reduction is likely responsible for the structural changes observed in Fig. 1 .
To understand the catalytic requirements for LSCM-based anodes, we examined fuel cells prepared with various catalysts. In our previous work, the maximum power density for otherwise identical cells with anodes based on infiltrated LSCM increased by a factor of more than 10 following the addition of 0.5 wt % Pd and 5 wt % ceria, when operating on humidified H 2 at 973 K. In that work, Pd and ceria were both added to the anode because ceria-supported Pd is one of the most active catalysts known for methane oxidation. 25 Furthermore, Pd-ceria catalysts have been shown to exhibit activities that were much greater than that of catalysts made with either Pd or ceria individually for a number of reactions related to H 2 production. [11] [12] [13] Therefore, to understand the catalytic requirements in the anode, we examined fuel cells made with ceria and Pd individually and with various other oxidation catalysts. In each case, the catalysts were added to identical cells with anodes containing 45 wt % LSCM. In all these studies, Ag paste was used for current collection. Figure 3 provides voltage-current ͑V-I͒ polarization curves at 973 K in humidified H 2 for cells in which there was either no added catalyst, 5 wt % ceria, 0.5 wt % Pd, or both 5 wt % ceria and 0.5 wt % Pd. The performance of the LSCM-based anode without added catalyst was much better in this study than had been observed in previous work; however, the maximum power density of this cell was still only 105 mW/cm 2 . The addition of 5 wt % ceria increased this to 300 mW/cm 2 . Interestingly, the performance of the cell with only ceria added is almost identical to what was achieved in cells having a Cu-ceria anode, with a similar YSZ-electrolyte thickness and an infiltrated LSF cathode. 20 With the Cu-ceria anodes, it was argued that the Cu was needed primarily for electronic conductivity and that ceria provided most of the catalytic activity. 6 By analogy, LSCM in the present study likely plays a similar role as that of Cu. The most interesting result in Fig. 3 is that performance of cells with only 0.5 wt % Pd and with 0.5 wt % Pd and 5 wt % ceria was similarly good, exhibiting power densities of 500 and 520 mW/cm 2 , respectively. Clearly, ceria is not necessary for achieving high performance in these cells. Figure 4 shows the impedance plots corresponding to the data in Fig. 3 at open circuit for the cells without catalyst, with 5 wt % ceria, and with 0.5 wt % Pd. The ohmic losses varied between 0.30 and 0.38 ⍀ cm 2 for these three cells but were in reasonable agreement with the expected ohmic loss associated with a 60 m YSZ electrolyte, 0.32 ⍀ cm 2 . The big differences in the impedance spectra are associated with the nonohmic losses. Although there is some curvature in the V-I curves near open circuit that cause the total cell impedances in Fig. 4 to be greater than the average slopes of the lines in Fig. 3 , it is apparent that the electrode losses in the cell with Pd were much lower than that of the cell with ceria, which in turn were much lower than that of the cell without added catalyst.
To determine whether Pd is unique in being able to catalyze high anode performance, we prepared similar cells with either 0.5 wt % Rh, 1 wt % Ni, or 1 wt % Fe. Each of these transition metals is a good oxidation catalyst but with different tendencies to undergo oxidation. For example, at 973 K, Fe is expected to form FeO at P͑O 2 ͒ above 10 −22 atm, while both Rh and Ni should remain metallic for all realistic H 2 :H 2 O ratios at this temperature. The V-I polarization curves at 973 K in humidified H 2 ͑not shown͒ demonstrated that the cells with either Rh or Ni perform as well as the cell with Pd, with maximum power densities of ϳ530 mW/cm 2 . The cell with the Fe catalyst had a slightly lower maximum power density, 400 mW/cm 2 ; but this is greater than the cell with only ceria as the catalyst. The impedance data for these three cells indicated only the nonohmic contributions were affected by the different catalysts.
In principle, interactions between these catalytic metals and LSCM may be critical in maintaining metal atoms at TPB sites or in promoting reaction at those sites. To determine whether conducting oxides other than LSCM would show similar promotional effects, we examined a cell in which the LSCM was replaced with 45 wt % LST. A previous study with infiltrated LST demonstrated that the addition of 0.5 wt % Pd and 5 wt % ceria had a similar effect in promoting performance as we observed in the LSCM cells. 14 As observed with LSCM, we found that the addition of 0.5 wt % Pd was sufficient to increase performance dramatically. For operation in humidified H 2 at 973 K, the maximum power density was 380 mW/cm 2 after the addition of Pd but only 3 mW/cm 2 in the absence of a catalyst. The power densities were somewhat lower in cells made with LST because LST does not "wet" the YSZ surface and form the same ideal electrode structure. 14 The relative enhancement upon Pd addition was also greater for LST, suggesting that LSCM by itself has a somewhat higher catalytic activity. 26, 27 In all of the work described here, we employed an Ag current collector so as to minimize any catalytic promotion associated with this. It is common in many studies to use Pt, which obviously is a catalyst. We therefore set out to determine whether Pt paste at the anode surface might affect the anode performance. Figure 5 shows V-I polarization curves for two identical cells made with infiltrated LSCM and no added catalyst, using Ag or Pt paste as the current collector. The data shown here were obtained in humidified H 2 at 1073 K and demonstrate that the performance using the Pt current collector was dramatically better, with a maximum power density of 900 mW/cm 2 , compared to a power density of only 290 mW/cm 2 when using the Ag current collector. At 973 K, the maximum power density of the cell with Pt paste was ϳ500 mW/cm 2 , similar to that found on cells using Ag paste when a Pd, Rh, or Ni catalyst was added intentionally.
Discussion
The work described in this study provides important insights into why anodes formed by infiltration of LSCM and catalytic metals into porous YSZ show such good performance. First, the LSCM-YSZ composite spontaneously forms an almost ideal structure near the electrolyte interface. Surface free energies are apparently responsible for causing LSCM to wet the YSZ surface under oxidizing conditions and then to form pores under reducing conditions. Indeed, the LSCM structure following reduction appears to be remarkably similar to that formed following infiltration of LSM nanoparticles in a study of infiltrated cathodes. 22 The authors of that study suggested that microstructure was also nearly ideal.
The role of the added metals is also remarkable. First, the amounts of metal required to provide good electrode performance were so small that the effect must be catalytic. Electrode performance was enhanced by the addition 1 wt % or less of Pd, Rh, Ni, and Fe, and this amount of metal is incapable of providing significant conductivity within the electrode. More likely, the catalytic metals must reside near TPB sites, where they can promote the oxidation of oxygen anions coming through the electrolyte. Indeed, the location of the metal atoms is likely critical, because a recent paper from another group found that the addition of Pd to an LSCM-YSZ composite had little effect on electrode performance, other than what might be expected for reforming activity on the Pd itself. 28 That study used a more conventional approach to prepare the LSCM-YSZ composite, simply sintering the mixed oxides. We suggest that the difference between our two studies is due to differences in the structures of the LSCM-YSZ composites. Apparently, the metal atoms were unable to migrate to the required locations in the conventional composite.
In this regard, it is somewhat surprising that using a Pt-paste current collector, applied at the top of a 50 m thick electrode, far from the YSZ electrolyte, was equally effective as intentionally infiltrating catalytic metals. Some of the Pt must have migrated into the electrode, although we took care to avoid this. Certainly, there have been reports of migration in the case of Ag used for current collection in cathodes, 29 although it was argued that the Ag caused deactivation in that case.
It is instructive to consider which metals promote electrode performance. In the present study, we observed that Pd, Rh, Ni, Fe, and Pt are all capable of promoting the anode. Because the Ag current collector appears to have no effect, Ag is not effective. In an earlier study of catalysis in a functional layer, 17 it was reported that Cu also has limited catalytic activity. The major differences between Cu and Ag and the active metals are as follows: (i) Unlike Ag and Cu, the active metals readily dissociate H 2 , and (ii) when used as oxidation catalysts, Cu and Ag tend to be more selective for partial oxidation with hydrocarbons, while the more active metals promote complete oxidation of hydrocarbons to CO 2 and water. Both dissociation of H 2 and total oxidation of the oxygen anions are likely critical for reactions at the TPB.
Clearly, both the structural and catalytic properties observed in this study have a strong influence on the electrode performance. Developing a better understanding of how these properties influence performance should allow the development of improved materials with more optimal properties.
Conclusions
Outstanding anode performance can be achieved using electrodes formed by infiltration of LSCM and catalytically active transition metals into porous YSZ. LSCM-YSZ composites formed in this way have a long TPB length due to spreading of the LSCM under oxidizing conditions and then fracturing under reducing conditions. Transition metals are required to catalyze the reaction between H 2 and oxygen anions at the TPB sites. 
